Objectives: Open-angle glaucoma (OAG) imposes high disease burden in South Korea. Although various effective interventions are available to manage the progression of OAG, there is limited data on the cost-effectiveness of these treatment strategies in South Korea.
Introduction
Glaucoma is the second leading cause of blindness worldwide [1] . It is estimated that 64.3 million people aged 40 to 80 years have glaucoma, and the number is projected to grow to 79.6 million by 2020. [1] [2] [3] The most common type of glaucoma is an open-angle glaucoma (OAG), which damages the optic nerve fiber from increased eye pressure and causes subsequent visual field loss, eventually leading to blindness. Randomized controlled trials have provided evidence that lowering the intraocular pressure (IOP) reduces the progression of visual field loss from OAG. [4] [5] [6] [7] Major treatment modalities to control the IOP include topical medication, laser trabeculoplasty, and glaucoma drainage surgery such as trabeculectomy. In general, medical treatment is the first-line treatment option for patients with mild OAG, and laser or surgical intervention is considered after medication has failed to control the IOP. However, due to high cost of medication and the challenges with patient adherence, [8] [9] [10] [11] providing medication as a first-line treatment may not be feasible, effective, or cost-effective.
South Korea bears a disproportionate burden of glaucoma, with higher OAG prevalence than worldwide. [12, 13] The prevalence of glaucoma among South Korean population has increased by 54% between 2008 and 2013, and the cost of care for glaucoma has nearly doubled from $16.5 million in 2008 to $29.2 million 2013. [13, 14] With the aging Korean population and projected growth in disease burden from glaucoma, [12] identifying the effective and cost-effective glaucoma treatment strategy is imperative to both policy makers and patients. However, there is no published data on the long-term cost-effectiveness of glaucoma treatment options for the South Korean population.
We conducted a cost-effective analysis for the management of mild OAG using medication, laser trabeculoplasty, and trabeculectomy among the South Korean population using a Markov model. Existing data on the cost-effectiveness of treatment options for glaucoma is limited to comparisons among 2 interventions and some results are conflicting. [15] [16] [17] A study comparing surgery and medication in the Brazilian population concluded that surgery is more cost-effective than medication, [15] whereas another recent study comparing medication and laser in the US population showed that medical treatment is cost-effective compared to laser treatment when optimal medical adherence is assumed. [16] To our knowledge, there is no long-term data that consider the cost-effectiveness of all 3 major treatment modalities for OAG. We compared the 3 major treatment strategies for a clinically homogeneous population and the health care system to adjust for the potential variations in the assumption on the model parameters. Our results can be relevant the policy makers in South Korea as well as those in countries that face high glaucoma disease burden.
Methods

Overview
The study adhered to the tenets of the Declaration of Helsinki and the protocol was approved by the Institutional Review/Ethics Board of the Catholic University of Korea. We constructed a Markov model to project the health benefits and costs of medical treatment, laser trabeculoplasty, and trabeculectomy for treating glaucoma for South Korean patients with newly diagnosed mild OAG. Our model was a modification of a previously validated glaucoma disease progression model by Stein et al. [16] A Markov model can simulate health outcomes and costs of chronic medical conditions with multiple disease stages over the lifetime. We projected the quality-adjusted life-years (QALYs) and health care costs from a societal perspective and compared the incremental cost-effectiveness of 3 interventions with one another to determine the cost-effectiveness. All clinical and economic parameters are based on published studies or expert opinion.
The parameter values and the ranges for sensitivity analyses are listed in Table 1 .
Our study population is a 100,000 hypothetical cohort of South Korean male and female patients aged 40 years with mild OAG over a 25-year horizon. We chose 40 as the starting age since the prevalence of OAG for South Korean population increases at age 40. [14, 25] We chose 25 years as the time horizon to capture the slow progression rate of OAG and to project the cohort. TreeAge Pro 2016 Health Care (TreeAge Software) was used for analysis.
Overview of treatment strategies
Medical treatment ("medication") strategy was chosen as a status quo because it is currently the most common practice for mild OAG patients in South Korea. [10, 11] Medication was compared to the 2 alternative strategies, laser trabeculoplasty ("laser") and trabeculectomy ("surgery"). In medication, patients were assumed to use all 4 main classes of topical drops (b-blocker, carbonic anhydrase inhibitor, a-adrenergic agonist, and prostaglandin) for glaucoma treatment. In laser, patients receive trabeculoplasty of either argon laser, or diode laser, which are shown to have similar effectiveness and cost. [26, 27] In surgery, patients receive a trabeculectomy, the standard form of surgical treatment for OAG that creates an alternative route for aqueous humor outflow to reduce the IOP. We assumed that the patients with successful laser or surgical interventions do not require medication.
Markov model
Our model consists of Markov states of glaucoma disease stages, complications, and death. Glaucoma disease stages include mild, moderate, severe glaucoma, and blindness ( Fig. 1) . Following the literature, mild, moderate, and severe glaucoma were defined as glaucomatous damage with a mean deviation of À6 dB or less, between À6 dB and À12 dB, and À12 dB or worse of visual field loss on standard automated perimetry, respectively. [16] Blindness was defined as having best-corrected visual acuity of less than 20/ 200 due to glaucoma in at least 1 eye caused by glaucoma.
We assumed that all population starts in mild OAG. At each cycle, a patient accumulates health utility and cost based on the current disease stage, and s/he either stays in the current state or transitions to a different state according to the transition probabilities associated with the current health state. Patients can only progress from less severe to more severe disease stage, and the transition probabilities differ by the treatment modality. The cycle length of the model was 1 year.
The central feature of our model that captures the differences between the treatment strategies are the disease progression rate from mild to moderate OAG. The progression rates from mild to moderate OAG for medication and laser treatment were estimated from the Glaucoma Laser Trial (GLT) study. [18, 19] The GLT is a randomized clinical trial to assess the efficacy of treatment for OAG with argon laser trabeculoplasty versus topical medication. [18, 19] The progression rates from mild to moderate OAG for surgery was estimated from a prospective randomized block study which compared the efficacy of reducing the IOP for managing OAG with laser trabeculoplasty versus surgery. [20] Because we estimated the model parameters on treatment efficacy from 2 different sources, we explored the impact of varying assumptions on these model parameters on our result in the sensitivity analysis.
We estimated the baseline probability of progression from less severe to more severe disease states from the Early Manifest Glaucoma Trial data. [6] Given that 53% of mild OAG patients from the trial progressed to more severe stages after 6 years under no treatment, we were able to estimate the instantaneous progression rate r from the equation r = -In (1-P)/t, where P is the probability of progression, and t years. Then we were able to estimate the annual probability of progression as 0.1 using the equation P=1-exp (-rt). We assumed that the interventions on mild OAG patients will mostly affect the transition probabilities from mild to moderate stages, and thus the progression probabilities from moderate to severe and severe to blind states remain constant. We addressed our assumption by varying the progression probabilities in the sensitivity analysis. The mortality rate was from 2015 Korean Life Table. Because glaucoma does not increase mortality rate, we assumed that there was no additional disease-specific mortality for glaucoma patients.
Complications
Patients who receive laser or surgery have a risk of complication, including endophthalmitis, suprachoroidal hemorrhage, bleb leak that required revision, hypotony maculopathy, or corneal edema that required penetrating keratoplasty. [22, 28] The probability of developing any surgical complications was estimated from the 1-year result of the Tube vs. Trabeculectomy Trial as 5% and 7%, respectively. [22, [28] [29] [30] [31] Once a patient develops complication, he or she either stays in the complication state or recovers, and those treated with laser have a higher chance of [16] Progression from mild to moderate OAG, medication 0.09 0.0-0.2 Stein et al 2012 GLT [18, 19] Progression from mild to moderate OAG, laser 0.08 0.0-0.2 Stein et al 2012 GLT [18, 19] Progression from mild to moderate OAG, surgery 0.07 0.0-0. 2 Watson et al [20] Probability of complication from surgery 0.07 0.02-0. 13 Gedde et al [21, 22] Probability of complication from laser 0.05 0.0-0.1 Gedde et al [21, 22] Probability of recovery from surgery 0.30 0.0-0. 5 Gedde et al [21, 22] Probability of recovery from laser 0.50 0.0-0. 9 Gedde et al [21, 22] Probability of compliance for medication 0.90 0.2-1.0 Kim et al 2018 [11] Utilities Mild glaucoma 0.94 0.8-0.99 Choi et al 2018 [38] Moderate glaucoma 0.92 0.80-0.99 Choi et al 2018 [38] Severe glaucoma 0.88 0.6-0. 9 Choi et al 2018 [38] Blind 0.50 0.3-0. 7 Choi et al 2018 [38] Dead Author's calculation [24] Beta-Blockers 16,000 0-50,000 Author's calculation [24] Alpha-Agonists 16,075 0-50,000 Author's calculation [24] Nonofficial Choi com recovery than those treated with surgery. For medication, however, we assumed that there is no severe complication for patients treated with medication because the reported side-effects are relatively mild. [32] Instead, we estimated the probability of compliance for medication, because side effects from medication may cause adherence problem. [11] In sensitivity analyses, we examined the probability of developing complication after laser treatment and surgery for a reasonable range. We did not assume any additional risk of late complication or death for patients who develop complications. [28] However, developing complications will lower the patient's quality of life, which is reflected in the QALY weights.
Costs
Taking societal perspective, we included both direct and indirect costs of associated with glaucoma management. Direct costs were estimated from calculating the average reimbursement rates for related procedures from the 2016 Korean National Health Insurance Database. [24] Direct medical costs of glaucoma care included the costs of inpatient and outpatient visits to ophthalmologists, tests to monitor patients, and the costs of interventions. We also estimated the indirect costs of patients' time and transportation associated with visits. We did not include the indirect societal cost from the loss of productivity due to impaired vision gave the majority of the study population was over age 60.
We assumed that the costs for regular visits and diagnostic tests applied to all patients, regardless of the types of interventions received. This included the cost of full examination, first visit for consultation, and the transportation and time for consultation. The cost of visit included the slit-lamp examination, gonioscopy, automated visual field testing, optical coherence tomography, and fundus photography. During the first year, individuals in all cohorts were assumed to pay 3 follow-up examinations. The procedures and costs for treating complications were estimated from the literature assuming that patients undergo standard management. [33, 34] The cost of complication included the total cost of hospitalization (treatment, boarding, and the personnel cost) as well as the patient's time and transportation costs. There were additional costs of acquiring low vision aids for individuals who have progressed to unilateral or bilateral blindness, which was estimated from the findings by Lee et al. [35] In sensitivity analyses, we examined the influence of a range of treatment and medication costs as well as the indirect costs on our results.
Utilities
The utility weights represent health-related quality of life associated with each disease state, ranging from death (=0) to perfect health (=1). The weights were based on published studies on common ophthalmic diseases and blindness, [23, [36] [37] [38] and all utility weights were varied in sensitivity analyses.
Model validation
We evaluated the internal validity of the model by comparing the glaucoma outcomes with the outcomes from the GLT study. [18, 19] We evaluated the external validity of the model by comparing the model outcomes to the observed outcomes from an IOP reduction randomized trial that was not used to inform our model parameters. [39] 
Economic analysis
We calculated an incremental cost-effectiveness ratio (ICER) for laser and surgery to medication using the projected QALYs and costs to determine the cost-effectiveness. The ICER was compared to a cost-effectiveness threshold of 30,000,000 KRW per QALY gained, which is an approximate GPD per capital of South Korea in 2017. [40] All costs were in 2017 South Korean Won (KRW) and we assumed a 3% discounting rate per year.
Sensitivity analyses
We conducted a 1-way sensitivity analysis on all model parameters to identify the parameters to which the model results were most sensitive. Incorporating the results from 1-way sensitivity analysis and the clinical expertise, we performed a 2-way sensitivity analyses on select parameters. We evaluated the parameter uncertainty by conducting a probabilistic sensitivity analysis, where we had 10,000 random draws from beta distributions for each influential variable. We used a willingness-to-pay (WTP) threshold of 30,000,000 KRW per QALY. WTP threshold is the amount of additional cost the payer is willing to pay for 1 additional gain of QALY.
Results
Model validation
Within 10 years of initial treatment, about 70% of the patients treated with medication had mild or moderate glaucoma, whereas about 45% of patients treated with laser had mild or moderate glaucoma, consistent with the comparative effectiveness of laser versus medication from the GLT study result (Fig. 2) . [18, 19] About 43% of the untreated patients with mild OAG progressed into more severe states after 3 years, which is comparable to the outcomes of the IOP reduction randomized study where 39% of the untreated cohort experienced visual field progression. [39] 3.2. Base model Figure 3 and Table 2 show the cost-effectiveness of treating newly diagnosed mild OAG using medication, laser, or surgery. Treating a single mild OAG patient via medication incurred expected cost of 29,661,740 KRW and expected QALY of 15.7. Compared to medication, both laser and surgery generated less expected cost (17,34, Figure 4 shows the result of 1-way sensitivity analysis on the 13 most influential model parameters on the model result. The outcomes are represented as the net monetary benefits when medication was compared to laser treatment at WTP threshold 30,000,000 KRW per QALY. The diagram shows that disease progression rates, the utilities of health states and cost of examinations and medications are influential on the model outcomes. We conducted additional 1-way sensitivity analyses by calculating the ICER of medication in comparison to laser for each influential parameter. The results of 1-way sensitivity analyses on the key parameters show that the parameters examined within the reasonable sensitivity ranges produced the result qualitatively equivalent to our main conclusion that the surgery is dominated and the medication incurs greater costs and benefits in comparison to the laser treatment. Because the progression rates from mild to moderate glaucoma under laser treatment and cost of medication are central to our model, we conducted 2-way sensitivity analyses on these parameters. When we compared the progression rates for laser to cost of medication (Fig. 5) , medication was the dominant strategy in the red region, that is, when the progression rate under laser was high or cost of medication was low. Since cost of medication for glaucoma differs according to countries, the results of 2-way sensitivity analyses warrant further investigation in other countries with different health care systems. In the Figure 3 . Cost-effectiveness plane comparing the effectiveness of medication, laser, and surgery. Note: cost was measured in South Korean Won (KRW) and effectiveness was measured in QALYs. QALYs = quality-adjusted life years. probabilistic sensitivity analysis that incorporates the parameter uncertainty (Fig. 6 ), the probability of each strategy being costeffective was plotted against the WTP threshold ranges. Medication was a dominant strategy in 64% of the 10,000 iterations when the WTP threshold was 30,000,000 KRW per QALY. Laser was the dominant strategy, however, for greater proportions of iterations when the WTP threshold was lower, that is, under 21,000,000 KRW per QALY.
Sensitivity analysis
Discussion
We conducted a cost-effective analysis for the management of mild OAG by comparing medication, laser therapy, and surgery among South Korean patients. Although there are multiple effective interventions to control the IOP and slow down the progression of OAG, limited information exists on the costeffectiveness of the comprehensive treatment strategies. [17] We found that surgery is not a viable initial treatment strategy for the patients with mild OAG, as the risk of complications and the high cost of surgery makes it both costlier and less effective than medication and laser. Laser was cheaper than medication but gained fewer expected QALYs. The ICER of medication in comparison to laser was 30,885,179 KRW (27,092 USD) per QALY gained, which was lower than the gross domestic product (GDP) per capita of South Korea (29,152 USD in 2017). Based on the World Health Organization (WHO)'s cost-effectiveness threshold of 1 to 3 times the GDP per capita of the country, medication is cost-effective and acceptable in health care system of Korea. The probabilistic sensitivity analysis showed that laser was more likely to be cost-effective than medication under low WTP threshold. It has been noted that medication is not available or feasible for long-term use in developing countries, in which case laser or surgery was suggested as alternative treatment option. Our model suggests that surgery is not cost-effective at any WTP threshold, but laser could be a cost-effective treatment option under low WTP in resource-limited settings.
We used 25-year time horizon for the cost projection in this study. Ideally, the time horizon of an analysis should extend far enough into the future to capture major economic and health outcomes. [41] However, extreme high timeline is hard for modeling parameters to be constant. Thus, most cost-effectiveness studies use time-horizon of 25 to 30 years. The results of this study should be interpreted with caution. As the study population was a cohort of patients with newly diagnosed mild OAG, results of this study can be applied only to patients with mild OAG, not to severe glaucoma. For patients with severe glaucoma, medications alone may not be as effective.
There are multiple limitations to our study. First, we made some important assumptions on the model structure. We assumed that patients do not receive repetitive treatments once treated with either surgery or laser treatment, and there are no underlying clinical differences between the patients who develop complications then recover and those who never develop complications. Second, there are limitations on our model parameters. We estimated the disease progression rates and the intervention effectiveness by combining information from multiple sources. Although we evaluated the internal and external validity of our model results, our assumptions can still be subject to multiple biases. Third, medication was assumed to have no complications. However, side effects form topical medication may cause adherence problem or dry eye disease in the case of benzalkonium chloride. We did not capture this complication because the reported side-effects are relatively mild. Instead, we have incorporated adherence problem into the model to compensate for the complication of topical medication. Fourth, the result of this study would be confined to patients with early stages of glaucoma. For those with severe stage, medications alone may not be as effective. Last, the cost values used in our model are from South Korea, which limits the generalizability of our findings. South Korea has a single-payer national health insurance system with universal coverage. The government manages the schedule of fees paid to providers, where most health care services are delivered by private providers. Our results can be informative in settings similar to South Korea in terms of the health care system and the level of resources, but the results may be less applicable under different settings, and our results should be interpreted with caution. Glaucoma incidence and disease burden have been increasing worldwide, but there is limited scientific evidence on the costeffective of treatment strategies. Previous studies were limited in providing a comprehensive comparison of 3 major interventions for managing OAG. We developed a Markov model for patients with OAG in South Korea and found that under the costeffectiveness threshold of 30,000,000 KRW per QALY, medication is a cost-effective strategy compared to laser or surgery under reasonable assumptions on disease progression and treatment effectiveness. Our results also suggest that laser can be a costeffective alternative under resource-limited settings.
